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Given that proteins with minor variations in amino acid sequences cause distinct functional outcomes,
identifying and quantifying similar proteins is crucial, but remains a long-standing challenge. Herein, we
present a two-dimensional orthogonal fluorescence and chemiluminescence design strategy for the
probe DCM-SA, which is sequentially activated by albumin-mediated hydrolysis, exhibiting light-up
fluorescence and photo-induced cycloaddition generating chemiluminescence, enabling orthogonal
signal amplification for discrimination of subtle differences between similar proteins. By orthogonalizing
these dual-mode signals, a two-dimensional work curve of fluorescence and chemiluminescence is
established to distinguish and quantify similar proteins HSA and BSA. Importantly, the dual-mode signals
of DCM-SA exhibit contrary incremental trends towards HSA and BSA. Molecular docking and
femtosecond transient absorbance spectroscopy reveal that the lower Kp value of DCM-SA with HSA
and the longer excited-state lifetime of DCM-SA with BSA underlie the distinct dual-mode responses.

Using two-dimensional orthogonal signals, for the first time, we precisely measure the HSA/BSA ratio in
Received 14th November 2024

Accepted 6th January 2025 mixed serum. This method facilitates rapid blood source identification and trace HSA quantitation in

human urine. Our two-dimensional orthogonal amplification approach offers a powerful tool for
DOI: 10.1039/d4sc07714h distinguishing and quantifying subtle differences among highly similar proteins, demonstrating great

rsc.li/chemical-science potential for both basic life science research and clinical applications.

The similar molecular weights of HSA and BSA render SDS-
PAGE ineffective for differentiation.® Amino acid sequencing
like Edman degradation® and mass spectrometry’ faces limita-

Introduction

Serum albumin (SA), an essential blood protein, plays various

roles including nutrient transportation, osmotic pressure
regulation, and drug binding."> Human serum albumin (HSA)
and bovine serum albumin (BSA) have a similarity of 75.8% in
terms of structure, chemical composition, and biological func-
tions.> However, unlike HSA, BSA cannot replenish lost fluids
and restore blood volume, making their misuse potentially
fatally harmful. Hence, distinguishing between HSA and BSA* is
crucial but highly challenging.
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tions in sequence analysis length, making it difficult to
discriminate highly similar proteins.® All these aforementioned
procedures are destructive and require complex sample pre-
handling and data analysis. Additionally, enzyme-linked
immunosorbent assay®'® (ELISA) through an antigen-antibody
reaction suffers from the trade-off effect between sensitivity and
selectivity to differentiate HSA and BSA. In contrast, optical
probes offer rapid and convenient detection of target
substances," ™ but most of them merely rely on structural
domains after protein binding, leading to lower selectivity when
differentiating HSA from BSA (Fig. 1a). Therefore, it becomes an
urgent demand to develop optical probes that could simulta-
neously identify and quantify HSA and BSA.

Proteins with highly similar structures can be distinguished
via minor differences in amino acid sequences, electrostatic
forces, van der Waals forces, charges, etc.™® This insight prompts
us to develop a molecular probe strategy for detecting subtle
differences in protein microenvironments. Towards this end,
two crucial factors should be considered: first, the probe's
ability to selectively bind to the protein; second, its ability to

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc07714h&domain=pdf&date_stamp=2025-02-08
http://orcid.org/0000-0001-7130-769X
http://orcid.org/0000-0003-1776-0025
http://orcid.org/0000-0003-3462-3049
http://orcid.org/0000-0001-9103-166X
http://orcid.org/0000-0002-2192-825X
https://doi.org/10.1039/d4sc07714h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc07714h
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016007

Open Access Article. Published on 07 January 2025. Downloaded on 1/23/2026 1:55:15 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

View Article Online

Chemical Science
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Fig.1 Schematic illustrations of the two-dimensional orthogonal probe for identification of HSA and BSA. (a) Current methods to discriminate
HSA and BSA with the limitations of destructive and incomplete detection, multistep operation, and low selectivity. (b) Our strategy of the two-
dimensional orthogonal probe to selectively distinguish and sensitively quantify HSA and BSA: (i) hydrolysis, triggering an albumin-catalyzed ester
hydrolysis reaction with light-up fluorescence, accompanied by the generation of a deprotonated luminophore; (i) assembly, forming the
assembly complex of the deprotonated luminophore with serum albumin, followed by in situ generation of chemiluminescence upon light
irradiation; (i) orthogonal amplification, orthogonalizing the dual-mode optical signals by serum albumin concentrations to amplify albumin

differences for discrimination and quantitation of HSA and BSA.

effectively sense and amplify the subtle interaction between the
probe and albumin. Indeed, one-dimensional fluorescence
signals alone have proven insufficient to simultaneously
discriminate and quantify HSA and BSA. On the other hand,
chemiluminescence is more easily influenced by environmental
factors,”*** such as polarity,**® hydrogen bonding,**?” and
pH,**?° making it a valuable tool for sensing a protein's
microenvironment. We hypothesize that by orthogonally
coupling  two-dimensional  fluorescence @ and chem-
iluminescence, the subtle differences between HSA and BSA
could be amplified. However, to date, such probes that meet the
above requirements have yet to be reported.

Herein, we elaborately construct a two-dimensional probe
DCM-SA that was sequentially triggered with hydrolysis-

© 2025 The Author(s). Published by the Royal Society of Chemistry

initiated fluorescence and photocycloaddition-induced chem-
iluminescence, allowing for orthogonal identification of
similar proteins HSA and BSA. The probe DCM-SA is composed
of two functional components: a 4-nitrobenzyl benzoate for
specific recognition of SA species through albumin-catalyzed
hydrolysis (Fig. 1b) and a luminophore, one of the dual-
mode chemo-fluorophores, capable of luminophore-albumin
assembly whose chemiluminescence could be activated
subsequently upon light irradiation, enabling sensitivity to
differentiate HSA and BSA. DCM-SA has a higher fluorescence
signal for HSA compared to BSA, whereas the sequentially
photoactivated chemiluminescence signal with HSA is lower
than that of BSA. Molecule docking calculations and surface
plasmon resonance (SPR) spectroscopy reveal that the tighter
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binding of the probe to albumins results in a higher fluores-
cence signal in response to HSA compared to BSA. Further-
more, femtosecond transient absorption spectroscopy (fs-TAS)
suggests that the longer excited-state lifetime of the lumino-
phore-BSA complex facilitates a higher chemiluminescence
signal. The sequential two-dimensional fluorescence and
chemiluminescence signals for HSA and BSA exhibit contrary
incremental trends with concentration, thus effectively
amplifying their subtle differences via orthogonal two-
dimensional signals. The two-dimensional probe can effec-
tively discriminate between human blood and bovine blood
and accurately quantify the concentration of HSA in human
urine. We provide a powerful tool for effectively detecting
subtle differences in highly similar proteins via two-
dimensional orthogonal response signals.
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Results and discussion

Designing a two-dimensional probe for discrimination of HSA
and BSA

Toward this discrimination of HSA and BSA, we designed
a fluorescence and chemiluminescence two-dimensional probe,
DCM-SA, by incorporating the recognition unit 4-nitrobenzyl
benzoate hydrolysable by SA and the photoactivatable chemo-
fluorophore DPY (Fig. 2a). DPY was rationally designed to
shorten the chemiluminescence half-life time based on our
previous photoactivated chemo-fluorophore, thereby increasing
the brightness and consequently improving the sensitivity of in
vitro detection. In our strategy, two sequential®**-** triggers of SA
and light were elaborately designed to guarantee specific
recognition of SA through the light-up fluorescence signals
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Fig.2 Dual-mode optical properties of DCM-SA towards BSA and HSA. (a) Proposed dual-mode sensing mechanism of DCM-SA with BSA and
HSA. (b) Absorption spectra, (c) fluorescence spectra and (d) chemiluminescence spectra of DCM-SA (10 uM) before and after incubation with
HSA and BSA (20 uM), respectively, in PBS aqueous solution for 40 min (pH = 7.4 and 37 °C). Insets: brightfield, fluorescence and chem-
iluminescence images of DCM-SA solutions after incubation with HSA and BSA. Chemiluminescence spectra were obtained upon 21 mW cm 2
white light irradiation for 3 s. Plot of (e) the fluorescence intensity and (f) the chemiluminescence intensity of DCM-SA (10 uM) as a function of the
concentration of HSA and BSA (0.5-3.5 uM), respectively. (g) The selectivity of DCM-SA towards various potential species. HSA (20 uM), BSA (20
M), GSH (100 uM), CYS (100 pM), lecithin (10 mg mL™), 1gG (20 pg mL™Y), AB 42 (20 uM), trypsin (20 g mL™?), B-Gal (20 ug mL™), NTR (20 pg
mL™Y) containing NADH (100 uM), and DNA (20 ug mL~Y). Aex = 500 nm and Aem = 615 Nm.
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from hydrolysis reactions, which released DPY. Subsequently,
the deprotonated DPY exhibited a high binding affinity for
albumins to form a DPY-albumin assembly, followed by the
generation of markedly chemiluminescence signals upon light
irradiation. Specifically, the ester bond between the chemo-
fluorophore and the recognition unit was hydrolyzed, result-
ing in deprotonated DPY release accompanied by fluorescence
emission. Then, the DPY-albumin complex was light-activated
for in situ generation of high energy 1,2-dioxetane,* an
unstable cyclic peroxide, which decomposes to produce
chemiluminescence.**** Above all, we presented this dual-mode
probe named DCM-SA, which is capable of discriminating
between HSA and BSA. All the compounds were characterized by
"H NMR, "*C NMR, and HRMS, as shown in Fig. S28-S36.1

Investigating fluorescence and chemiluminescence two-
dimensional responses towards HSA and BSA

Upon exposure to HSA/BSA, the absorption spectra of DCM-SA
displayed a remarkable red-shift with maximum absorption at
around 500 nm (Fig. 2b). The enhancement of fluorescence
intensity depends on the incubation time with HSA/BSA,
reaching a plateau at approximately 40 minutes (Fig. S11). The

(a) Pose HSA/DCM-SA

Ege/ (kcal/mol)

-3.14

(c) Pose HSA/DPY
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fluorescence spectra of the probe at various pH levels (5-10)
showed that DCM-SA responded to HSA/BSA under physiolog-
ical pH conditions (Fig. S2 and S3t1). At the same time, DCM-SA
has good stability at room temperature (Fig. S4t). Notably, the
fluorescence signal of DCM-SA in response to HSA was
approximately 2.3 times higher than that of BSA (Fig. 2c and
Table S17). Unexpectedly, the chemiluminescence signal of
DCM-SA in response to BSA was 1.5 times higher than that of
HSA (Fig. 2d). We note that the inverse incremental ratio of
these dual-mode signals significantly amplified the difference
between HSA and BSA, making it possible to distinguish
between the two albumins (Fig. S5-S7f). Moreover, we con-
ducted a titration to investigate the fluorescence response of the
probe DCM-SA to HSA/BSA. As the concentration of HSA and
BSA increased (0-16 puM), the fluorescence intensity around
615 nm gradually increased and exhibited a linear correlation
(Fig. 2e). Using the 3o/slope method, the probe demonstrated
a low limit of detection (LOD) in the fluorescence mode of
10 nM for HSA and 17 nM for BSA, respectively. Similarly, in the
chemiluminescence mode, the LOD of the probe was calculated
to be 8 nM for HSA and 2 nM (0.1 mg L") for BSA, respectively
(Fig. 2f and S8, S971). Additionally, after incubation with BSA,

(b) Pose BSA/DCM-SA

Ege/ (kcal/mol)

-15.58

-14.54

Fig. 3 Docking calculations reveal the protein microenvironment-mediated optical behavior of DCM-SA and DPY. Interactions of the small
molecule DCM-SA with serum albumins: (a) HSA and (b) BSA. The binding modes of the small molecule DPY to HSA (c) and BSA (d). For
comparison, residues on HSA and BSA that exhibit distinct characteristics (hydrophobic, hydrophilic, or charged) at the same sites are shown in
red ribbons. The residues with different properties in the active pockets are V122, A126, D129, E132, and K136 for HSA, and T121, E125, A128, K131,
and G135 for BSA, eventually leading to different chemiluminescence of DPY. The binding free energies of DCM-SA and DPY in the active pockets

of HSA and BSA are calculated.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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DCM-SA exhibited a red-shift of 5 nm in emission spectra
compared to that of HSA, indicating that the microenvironment
of the DPY-albumin complexes should be different. Based on
these results of completely converse incremental trends of
fluorescence and chemiluminescence intensities and obvious
spectral shift, DCM-SA should be capable of distinguishing
between HSA and BSA.

Subsequently, we carried out the selectivity of DCM-SA to
various amino acids, proteins, enzymes, and DNA (Fig. 2g and
S10t). Clearly, DCM-SA was not influenced by potential
competing species, showing exceptional selectivity towards HSA
and BSA. Notably, a reference probe CF-CI-NB with 4-nitro-
benzyl as the response unit was designed (Fig. S117), which did
not show any response to HSA and BSA in either fluorescence or
chemiluminescence mode. It was demonstrated that the excel-
lent selectivity of DCM-SA was attributed to the specific
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response unit of 4-nitrobenzyl benzoate. Then, we verified the
ester hydrolysis mechanism** by HPLC analysis (Fig. S121) and
high-resolution mass spectrometry analysis (Fig. S13 and S147).
As shown in Fig. S12,1 it unveiled the emergence of a peak after
DCM-SA incubation with HSA/BSA, exhibiting a retention time
of approximately 15 minutes after the response, aligning with
DPY. Spectral response and HPLC tests indicated that it was the
specific hydrolysis of the ester bond by albumin that conferred
excellent selectivity of the probe towards HSA and BSA.

Revealing albumin microenvironment-mediated mechanism
with molecular docking and femtosecond transient
spectroscopy

To gain insight into the binding disparities in the two-
dimensional optical response, molecular docking simulations
were conducted to model the interactions of DCM-SA and DPY

(a) BSA HSA
HSA > N+ BSA
Q;\\ Kp 1 T [ = J _ S *
' FL| CL} o
Kol Tl
FL 1 CL1
FL CL
Inhibit Promote
7’ molecular rotation ’ 7’ photocycloaddition 7’
(b) c (d)
DPY:HSA K,=52.8 uM DPY:BSA K,=268 uM 14
« DPY
5 5 + DPY+HSA
< 50 uM g, DPY+BSA
E 50 = 50 0
2 I . soum | &
£ 2 —— ¢ 3
g 20 S 20
g 039 pi 2 0.39 M
4 4
-10 -10
-100 0 100 200 300 -100 0 100 200 300
Time (s) Time (s) Dacay Times (ns)
(e) (f) (9)
0.02 ——05ps 200 ps — £ 1.2 -
— = 0.014 0.5ps 200 ps E HSA
Vi s N 7;0 e _fggo"ss ——10ps 500 ps £
FoE ope — 2o \ T e 5
100 ps ——5000 ps . \\ 100 ps —— 5000 ps % 0.8
8 0.004 : w
:{ 8 0.4
< s
’ ©
i 4 -0.014 €
DPY+BSA 1 DPY+HSA S oo
550 600 650 700 550 600 650 700 0 2000 4000 6000

Wavelength (nm)

Wavelength (nm)

Delay Time (ps)

Fig. 4 Revealing the disparity in the optical behavior of DPY from the protein microenvironment. (a) Schematic illustration of the working
mechanism for DCM-SA discriminating HSA and BSA. The SPR curve of interaction between HSA (b)/BSA (c) and various concentrations of DPY
(0.4-50 uM). (d) The steady-state fluorescence lifetime changes of DPY before and after the interaction with HSA and BSA (3 uM). [Probe] = 20

puM. The HSA/DPY complex exhibited a longer fluorescence lifetime of

2.765 ns than the free probe (1.517 ns) and BSA/DPY complex (2.623 ns).

Femtosecond transient absorption spectroscopy of DPY (1., = 500 nm, 200 uM) in the presence of HSA (e) and BSA (f) (10 mg mL™). (g) Kinetic
traces of DPY in the presence of BSA and HSA at 570 nm. The solid lines are the fitting curves with a multiexponential decay function.
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with HSA and BSA, respectively (Fig. 3). The X-ray crystal
structure of ligand-free HSA (ID: 1A06) and BSA (4F5S) were
collected from the Protein Data Bank. The top-ranked docking
poses of HSA/DCM-SA, BSA/DCM-SA, HSA/DPY, and BSA/DPY
complexes were calculated (Fig. S15-S19 and Tables S2 and
S3t). The calculation results revealed a higher binding affinity
between DCM-SA and HSA (—3.14 kcal mol ") compared to BSA
(—2.73 keal mol '), and the probes exhibited different binding
sites in the two albumin species (Fig. 3a and b). Similarly, the
DPY also displayed higher binding affinity to HSA (—15.58 kcal
mol ") than BSA (—14.54 kcal mol ') (Fig. 3a and b).

Then, we focused on exploring the microenvironment
discrepancies of DPY at the binding sites in the two albumin

View Article Online
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species. Our emphasis was on residues with diverse properties
(hydrophilicity, hydrophobicity, electronegativity) in the aligned
sequences. It is obvious that the hydrophobic V122 and A126
tend to interact with DPY, making the HSA pocket nonpolar
(Fig. 3c), while in the BSA pocket, the hydrophilic T121 and E125
preferentially associate with DPY, showing a somewhat strong
polarity (Fig. 3d). ICT dyes have the property that the fluores-
cence wavelength red-shifts with increasing polarity of the
solvent. Thus, the simulation results were well verified by
fluorescence response tests (Fig. 2c), where the emission
wavelength of DCM-SA was red-shifted by 5 nm upon incuba-
tion with BSA compared to HSA, indicating larger polarity
within the BSA binding site. The above results suggested that
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Fig. 5 Establishing fluorescence—chemiluminescence orthogonal protocols to discriminate between HSA and BSA. (a) Schematic diagram of
single-mode detection and dual-mode detection for an unknown serum albumin sample (HSA or BSA): one-signal detection hardly differentiates
between HSA and BSA, while introducing chemiluminescent signals to achieve dual-mode orthogonal discrimination. (b) HSA and BSA
concentrations at the same DCM-SA fluorescence response intensity, and (c) its corresponding chemiluminescence intensity, respectively. (d)
The orthogonal fluorescence—chemiluminescence response of DCM-SA towards HSA and BSA with increasing albumin concentration. (e) The
normalized CL/FL ratios of the HSA/DCM-SA and BSA/DCM-SA mixtures. Inset: the blue dashed line serves as the threshold to distinguish
between HSA and BSA. Ratios less than 0.8 are identified as HSA, otherwise as BSA. (f) Ratio (normalized CL/FL) of human blood and bovine blood
(S.D.) (nh = 3); ***p < 0.001. (g) Transferrin tests (colloidal gold) of human blood and bovine blood.
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differences in dye-albumin binding potentially underlie the
discrepancies in the dual-mode optical response of DCM-SA to
HSA and BSA.

We further validated this molecular docking process through
two consecutive tests (Fig. 4a): (i) investigating the impact of
molecule rotation and its effect on the emission intensity of
DPY. As expected, the fluorescence intensity of DPY has an
increasing trend with the increase in the glycerol ratio
(Fig. S20,T fo = 0-90%); (ii) surface plasmon resonance (SPR)
assay was employed to measure the dissociation constant (Kp)
of DPY towards the two types of albumins. Consistent with
molecular docking results, the results revealed that the Ky, value
of HSA/DPY complexes (52.8 uM) was significantly lower than
that of BSA/DPY complexes (Fig. 4b and c and Table S47), con-
firming that the deprotonated DPY has a higher binding
towards HSA. The data obtained from the double-logarithm
plots of the protein quenching test and the steady-state life-
time of DPY/albumin complexes were consistent with the SPR
results (Fig. 4d, S21, and S22 and Table S51). These results
collectively demonstrated that the stronger binding affinity of
HSA with DPY inhibits molecular rotation, leading to a higher
fluorescent response to HSA.

Subsequently, we investigated factors responsible for the
higher bright chemiluminescence of the probe towards BSA
(Fig. 4a). Femtosecond transient absorption spectroscopy (fs-
TAS) is an important tool for studying photoreactions. We
then investigated the lifetime (7) of the excited state species of
HSA/DPY complexes and BSA/DPY complexes (Fig. 4e and f).
The excited state absorption at 570 nm was selected as a repre-
sentative band to evaluate the excited state lifetimes of the two
complexes. As shown in Fig. 4g, the excited state absorption
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signal of the HSA/DPY complexes at 570 nm decays rapidly with
a lifetime of 0.96 ns. In contrast, the excited state absorption
decay of the BSA/DPY complexes at 570 nm becomes signifi-
cantly slow, with a lifetime of 2.36 ns. Long-lived excited state
species can significantly promote photocycloaddition.**** Thus,
the longer excited state lifetime of DPY in BSA solution
promotes the photocyclization reaction of DPY, thereby exhib-
iting higher chemiluminescence. In short, molecular docking
and femtosecond transient spectroscopy revealed that the lower
Kp values of DCM-SA with HSA along with the longer excited-
state lifetime () of DCM-SA with BSA were fundamental to the
distinct differences in fluorescence and chemiluminescence
responses to albumins in this microenvironment-mediated
mechanism.

Establishing an orthogonal quantitative method for HSA and
BSA

Indeed, one-dimensional and/or single-mode detection makes
it difficult to determine the species and concentration of similar
albumins simultaneously. For instance, one-dimensional "H
NMR often suffers from significant peak overlap in proteins,
while two-dimensional NMR spectroscopy (such as C-H COSY
spectra) provides orthogonal correlation shifts, enabling the
analysis of subtle spatial conformational changes in proteins.
Similarly, in our strategy, based on the linear one-dimensional
relationship between fluorescence intensity and albumin
concentration, we introduced a second-dimensional orthogonal
relationship for chemiluminescence intensity. This approach
allowed us to establish a hybrid fluorescence-chem-
iluminescence system that provides orthogonal signal outputs,

(a) (b) Detection of the mixture
CcL FL FL
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probe-HSA probe-BSA [HSA+BSA] 0.1 0.9
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Fig. 6 Determining the mixing ratio of HSA and BSA. (a) Schematic diagram of the distinctive dual-mode characteristics of DCM-SA towards HSA
and BSA. (b) Fluorescence and chemiluminescence imaging performed as the proportion of HSA increased. (c) A linear relationship between
fluorescence intensities and [HSAJ/[HSA + BSAI, with an R? of 0.99. (d) The chemiluminescence intensities with [HSAI/[HSA + BSA] showing
agood linear relationship ranging from 0.3 to 0.9, with an R? of 0.99. The error bars are the mean + SD (n = 3). (e) A linear plot of the logarithm of
the normalized CL/FL versus [HSA]/[HSA + BSA] exhibiting a strong correlation, with R? = 0.98. [DCM-SA] = 10 uM, [HSA] + [BSA] = 20 uM, Aex =

500 nm, and A¢m = 615 Nnm.
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thereby amplifying the subtle differences between similar
albumins. As shown in Fig. 5a, relying solely on the fluorescence
signal of DCM-SA was not sufficient to simultaneously identify
and quantitate the albumin species. By incorporating chem-
iluminescence signals, we transited from one-dimensional to
two-dimensional orthogonal localization, enabling exact deter-
mination of whether the sample was HSA or BSA. For instance,
when an unidentified protein with a fluorescence intensity of 50
was detected, it could correspond to either 1.26 pM HSA or 2.42
UM BSA (Fig. 5a and b). Due to significant disparities in
chemiluminescence exhibited by the probe with HSA and BSA
(Fig. 5¢), distinct orthogonal calibration curves for HSA and BSA
were established for each albumin, enabling both differentia-
tion and simultaneous quantitation (Fig. 5d). Additionally,
DCM-SA can not only discriminate HSA and BSA, but also detect
conformational changes in albumins resulting from tempera-
ture, heavy metals, and surfactants (Fig. S237).

Utilizing this two-dimensional orthogonal analysis method,
we then used this probe to directly distinguish between human
and bovine blood. As shown in Fig. 5e, we investigated the
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normalized CL/FL ratio of HSA with DCM-SA mixture and the
BSA with DCM-SA mixture, respectively, and subsequently
established the threshold as 0.8. Next, we employed the probe
DCM-SA to measure the fluorescence and chemiluminescence
signals of human and bovine blood (Fig. 5f). Notably, the ratio
for human blood was 0.4, while that for bovine blood was 1.0.
To validate the feasibility of the DCM-SA method, we used the
anti-human transferrin colloidal gold test kit, a standard
method in forensic investigations (Fig. 5g). The DCM-SA
detection results were consistent with the colloidal gold test
kit results, confirming the accuracy of DCM-SA in distinguish-
ing between human and bovine blood (Fig. 5 and S257).

We then determined the precise proportion of HSA or BSA in
a mixed serum (Fig. 6a). By maintaining a fixed total concen-
tration of HSA and BSA, it was found that the fluorescence
intensity of the mixture positively correlated with the
percentage of HSA, while the chemiluminescence intensity
exhibited a negative correlation (Fig. 6b-d). More importantly,
a strong linear relationship (R> = 0.98) was observed between
the logarithm of the CL/FL ratio and the proportion of HSA

(a)
s X v'Good recoveries and RSD
- > v High specificity
v High quantitative accuracy
Human Human Urine samples  pgatection of HSA in urine
from hospital
(b) (c) (d)
4167 =000 150 = %,'2000
e " [ Immunoturbidimetry 3 = R2=0.96 .
2 3 I CL intensity (RLU) x =
i 1500 i By < 1500
> © 1100 2 <£
B s10%] £ X =1000
g x 5 1000 *? g
€ :g ) 50 g T 500
o O 500 = Q
O g £ © 0
— (@]
0 ; . . . - = 0k 0o O Ci . . . : -
2 4 6 8 10 E 1234567 89101112131415 5) 0 400 800 1200 1600
[HSA] (uM) patient number HSA (mg/L)
(e)
2 2.36 118 1.20
4 417 104 1.93
6 6.54 109 1.42

Fig. 7 Quantifying trace HSA in clinical urine samples by DCM-SA. (a) Schematic diagram of the urinalysis detection in vitro. (b) Chem-
iluminescence intensities of DCM-SA (10 pM) as a function of the concentration of HSA (0—-10 puM). (c) Chemiluminescence signals of HSA tested
by DCM-SA (blue) and data on HSA provided by the hospital using immunoturbidimetry (gray) in the urine of 15 nephrotic patients. (d)
Comparison of the concentration of HSA in urine samples determined by immunoturbidimetry and DCM-SA-based analysis in chem-
iluminescence mode. (e) Detection of HSA concentration in healthy human urine samples.
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(Fig. 6e), indicating that DCM-SA could precisely measure the
percentage of the two proteins in the mixture. Overall, by
utilizing the orthogonality of the chemiluminescence and
fluorescence signals (Fig. 5d), we can not only rapidly distin-
guish human and bovine blood, but also accurately detect the
ratio of HSA and BSA in a mixed serum.

Accurately diagnosing and quantifying HSA in clinical human
urine

Urinary proteins comprise a variety of components, including
albumin, microglobulin, macroglobulin, transferrin, and other
proteins, with HSA making up around 60% of the total urinary
protein.***® Particularly in the initial phases of glomerular
diseases like early-stage diabetic nephropathy, early-stage
hypertensive nephropathy, and early-stage chronic renal
failure, HSA is the predominant protein detected in urine.*>*°

We evaluated the performance of DCM-SA for quantifying
HSA concentration in human urine (Fig. 7a). The chem-
iluminescence intensity of DCM-SA displayed a good linear
correlation with the HSA concentration (0-10 uM), and the LOD
was calculated to be 0.4 pM (26 mg L', Fig. 7b and S261).
Additionally, quantitative analysis of HSA in human urine was
performed by a standard recovery method with good recoveries
and RSD (Fig. 7e). In fluorescence mode, DCM-SA had a similar
behavior with a LOD of 0.2 uM (13 mg L™, Fig. S27at). Subse-
quently, DCM-SA was employed to measure HSA concentration
in the urine samples of 15 patients, with results cross-validated
by clinical immunoturbidimetry®* (Fig. 7c). Notably, curve-
fitting analysis of the chemiluminescence data revealed
a significant positive correlation between DCM-SA detection
and immunoturbidimetry values, underscoring a remarkable
linear relationship (CL: R> = 0.96, Fig. 7d). Moreover, the
detection accuracy in chemiluminescence mode was higher
than that in fluorescence mode, especially at low concentrations
(Fig. S27t). This result signified that DCM-SA was capable of
accurately measuring HSA concentration in urine clinical
samples. Thus, DCM-SA offered a convenient tool for assessing
HSA in human urine and presented a novel alternative to
conventional immunoassays.

Conclusions

In summary, we have developed a sequentially activated
hydrolysis and photocycloaddition probe DCM-SA, enabling
effective distinction and quantification of highly similar
proteins. The probe DCM-SA exhibits contrary incremental
trends of fluorescence and chemiluminescence signals for HSA
and BSA, thereby orthogonally amplifying the subtle differences
between these albumins. Specifically, via an albumin-catalyzed
hydrolysis reaction, DCM-SA selectively detects serum albumins
and assembles with them to form brightly fluorescent DPY-
albumin complexes. Subsequently, under light irradiation, the
DPY-albumin complexes undergo a cycloaddition reaction,
producing chemiluminescence. By orthogonalizing these two-
dimensional correlation signals, we amplify subtle differences
between HSA and BSA. To our knowledge, for the first time, the
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two-dimensional optical probe accurately differentiates HSA
and BSA. Molecular docking and surface plasmon resonance
demonstrate that the stronger binding affinity of HSA with DPY
(Kp = 52.8 uM) inhibits molecular rotation, leading to higher
fluorescence. Moreover, femtosecond transient absorbance
spectroscopy reveals the longer excited state lifetime of the
DPY-BSA complex, promoting photocycloaddition for higher
chemiluminescence. We have successfully utilized the two-
dimensional probe DCM-SA to identify the blood source,
quantify the HSA/BSA mixed ratio, and detect trace HSA in
human urine. Our two-dimensional orthogonal strategy offers
a powerful tool for identifying and quantifying similar proteins,
paving a new pathway for insight into minor variations in
protein structures.
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